Existing risk models in infective endocarditis (IE) have not investigated whether the prognostic value of clinical parameters is time-dependent. We have explored the potential of time-dependent risk stratification to predict outcome in IE.
Introduction
Infective endocarditis (IE) is a disease with wide variations in its clinical course and prognosis. 1 Current management recommendations vary significantly according to the perceived patient risk. Early hospital discharge and outpatient monitoring is recommended for stable patients at low risk of mortality, whereas intensive strategies including surgery may be considered for unstable patients at the highest risk of mortality. 2 -4 Accurate and timely risk assessment of patients is mandatory for such decisions to be made effectively. Several parameters including heart failure are associated with increased mortality in IE. 5 -11 However, published studies differ with respect to the reported prognostic value of individual parameters and this inconsistency may relate to the timing of evaluation. For example, one study demonstrated that increased levels of C-reactive protein after 1 week of treatment were associated with adverse outcomes whereas increased levels at baseline or after 2 weeks were not. 10 The possibility that the prognostic value of clinical parameters may be time-dependent has not been systematically explored, either in the context of individual parameters or as components of an integrated risk model. 6 The aims of the present study were to identify clinical predictors of mortality in IE, to determine whether these predictors vary over time, and to develop and validate a risk model for IE that allows patient prognosis to be accurately determined at different time-points during early hospitalization.
Methods

Patients and setting
We retrospectively reviewed the medical records of consecutive patients with IE admitted between January 1996 and January 2006 to the Royal Prince Alfred Hospital (derivation cohort) and Concord Repatriation General Hospital (validation cohort). Both hospitals are university teaching hospitals in Sydney, Australia. Cases were included if they satisfied the modified Duke criteria for a definite or possible diagnosis of IE. 12, 13 For patients with recurrent admissions for IE (n ¼ 17), only the first admission was included for analysis. Data from the derivation cohort were used to identify important prognostic factors and develop the risk model. Data from the independent validation cohort were used to assess the predictive accuracy of the risk model. All patients were over the age of 18 and the study was approved by the Ethics Review Committees of both hospitals.
Data collection and study variables
We collected data at three pre-specified time-points during a patient's hospitalization: day 1 (baseline), day 8, and day 15. Baseline was defined as the triage time in the emergency department. Days 1, 8 , and 15 were chosen as clinically important landmarks for abstracting the data because existing guidelines suggest that the first fortnight of hospitalization is a critical phase of illness during which complications occur frequently and important management decisions are often required. 2, 3 At these time-points, we systematically collected data on a range of variables that included all parameters found to be predictive of outcome in previous studies. 5 -11 Definitions of the study variables are provided in Supplementary material online, Section S1. Clinical variables included demographic information and overall comorbid status as assessed by the Charlson comorbidity scale.
14 Examination findings at days 1, 8, and 15 were also recorded, including haemodynamic parameters, temperature, neurological signs, and the presence of heart failure as defined by the modified Framingham criteria. 15 Clinical outcomes such as embolic events, intensive care admissions and surgery were also recorded. Laboratory variables were recorded at days 1, 8, and 15. These included haemoglobin, white cell count, platelet count, creatinine, albumin, and C-reactive protein. Electrocardiographic and echocardiographic data were also collected. This included details of the infected valve, size and mobility of vegetations, left ventricular function, severity of valvular regurgitation, and the presence of intracardiac abscesses or valvular dehiscence. Data available from transoesophageal examinations (n ¼ 124) were used preferentially. Microbiological data included the organism isolated in culture, antibiotic sensitivities, and serology results.
An a priori decision was made to assess surgery as a potential confounder rather than as a predictor variable for risk modelling because its inclusion would invalidate the model for predicting patients who may benefit from surgery. 16 
Outcome and follow-up
The study outcome was all-cause mortality during the 6 months period following admission. Survival status was determined from medical records and confirmed with data from the State Government of New South Wales Registry of Births and Deaths. Patients were censored according to their status at the time of last contact if 6 months outcome data were unavailable (3.3% of cases).
Statistical analyses
Using data from the derivation cohort, univariate associations with mortality were assessed using Cox regression. Separate analyses were performed at days 1, 8, and 15. For dynamic variables such as examination findings and laboratory parameters, the most proximate data collected within 24 h of each time-point were entered into the respective analyses. For static variables such as demographic information and comorbid conditions, the same data were entered into all analyses. Where data was unavailable, variables were imputed with the most frequent category for categorical variables and the median value for continuous variables. 17 Variables were confirmed to fulfil the assumption of proportionality using a partial residual method. 18 The linearity assumption was tested for all continuous variables by fitting higher-order terms. The primary risk model of the study incorporated continuous variables on their original scale and was developed using multivariable Cox regression analyses at days 1, 8, and 15. All variables that had been previously identified as predictors in the literature 5 -11 were considered as potential candidate variables for modelling. The number of candidate variables was reduced by the use of the Charlson scale 14 as a global marker of comorbidity and the modified Framingham criteria 15 to define heart failure; and, the exclusion of variables which exhibited high biological variability 19 or had a low prevalence (i.e. present in ,5% of the derivation cohort). Furthermore, if significant collinearity was found between two variables (correlation coefficient !0.60), the clinically more important variable was entered into the model. 20 Clinically plausible interactions were also included for analysis. The heuristic shrinkage estimator of van Houwelingen and le Cessie 21 was calculated for the full model. A backward stepwise method was subsequently used and variables were removed on the basis of x 2 Wald statistics. The resultant risk model comprised independent variables with P , 0.05. Based on the independent variables identified in the multivariable analysis, continuous variables were then dichotomized using clinically relevant cut-offs to derive an alternative simplified model suitable for clinical use. The potential loss of predictive value in the simplified model was assessed by comparing its discrimination with that of the primary model.
The impact of potential confounders such as surgery, the site of valvular infection, and transoesophageal echocardiography were evaluated by repeating multivariable Cox regression analyses with these covariates as dummy variables. In particular, surgery was assessed as a time-dependent covariate. 22 Independent variables were assigned point scores according to a linear transformation of their b-regression coefficient in the risk model. 6 An overall risk score was calculated for each patient by adding together the points corresponding to their risk factors. Risk scores were then defined for low-, intermediate-, and high-risk groups on the basis of observed mortality gradients in the derivation cohort (low-risk ,15%, intermediate-risk 15-50%, high-risk .50% 6 months mortality). Model calibration was determined by comparing the predicted and observed mortality rates for each risk group. 23, 24 Model discrimination was determined by calculating the concordance index for predicting 6 months mortality. 18 Kaplan-Meier survival curves were generated to illustrate the partitioning of risk over time and differences in survival between risk groups were assessed by the log-rank test. The performance of the model was internally validated using 200 bootstrapped samples of the derivation cohort, 18 and then externally validated in an independent cohort. The simplified time-dependent risk model developed in this study was then compared with the one published risk model for IE described Time-dependent risk model to predict outcome in IE by Hasbun et al. 6 This existing risk model evaluated prognosis at only a single time-point and its predictive value has not been previously tested at different time-points during hospitalization. The existing model was also restricted to patients with complicated left-sided native endocarditis. To ensure consistency, both models were tested in a subset of patients in our combined cohort, who satisfied the inclusion criteria used by Hasbun et al.
Extended statistical methods are provided in Supplementary material online, Section S2. All analyses were performed using SPSS 13.0 for Windows (SPSS Inc., Chicago, IL, USA).
Results
Cohort identification
From 1996 to 2006, there were 344 consecutive admissions with a primary diagnosis of IE to the two independent hospitals. Of these, 273 patients met the inclusion criteria: 192 patients in the derivation cohort and 81 patients in the validation cohort ( Figure 1) .
Characteristics of the derivation cohort
Patients in the derivation cohort were young, predominantly male, and recent intravenous drug use was frequently reported ( Table 1) . The mitral valve was the most common site of infection and Staphylococcus aureus was the most common organism. Five patients died between days 1 and 8. Twelve patients died and a further three patients were discharged between days 8 and 15. Overall, 46 patients (24%) died within 6 months of hospital admission.
Univariate predictors of 6 months mortality in derivation cohort
Several risk factors were consistent univariate predictors of mortality (P , 0.05) at days 1, 8, and 15: older age, comorbidity (Charlson score), heart failure, altered mental state, methicillinresistant Staphylococcus aureus, anaemia, thrombocytopenia, renal impairment, hypo-albuminaemia, and multi-valvular infection ( Table 2 ). In addition, tachycardia, absence of sinus rhythm, and echocardiographic left ventricular dysfunction were significant univariate predictors at days 1 and 8, but not at day 15. In contrast, hypotension, severe embolic events, and intracardiac abscesses became significant univariate predictors by days 8 and 15. Leucocytosis and elevated C-reactive protein were significant univariate predictors at day 8 only. Of note, prosthetic valve infection, vegetation size, and mobility, and severity of valvular regurgitation were not significant univariate predictors in the derivation cohort at any timepoint.
Multivariable risk modelling
Independent of the univariate analyses, 11 clinical variables and 2 interaction terms were included for multivariable analyses on the basis of pre-specified clinical and statistical criteria [see Supplementary material online, Section S2(c)]. The estimated shrinkage for the full model fit was 0.84 for day 1, 0.83 for day 8, and 0.84 for day 15. Following backward stepwise selection, the final model contained six independent predictors at day 1, five at day 8, and only three at day 15 ( Table 3) . Comorbidity, heart failure, and thrombocytopenia independently predicted mortality at all three timepoints. Other predictors were older age, tachycardia, and renal impairment at day 1; and severe embolic events and renal impairment at day 8. The bootstrap corrected estimate of the concordance index for the continuous risk model was estimated as 0.82 at day 1, 0.87 at day 8, and 0.77 at day 15.
Based on the independent predictors already identified, a simplified clinical risk model was developed with continuous variables dichotomized according to accepted clinical cut-offs ( Table 4) . Independent predictors were assigned points based on their ß-regression coefficient. The bootstrap corrected estimate of the concordance index for the simplified risk model was 0.80 at day 1, 0.80 at day 8, and 0.77 at day 15. As defined in Supplementary material online, Section S1. Time-dependent risk model to predict outcome in IE
Prognostic stratification using risk model
Patients in the derivation cohort were stratified into three prognostic groups on the basis of observed mortality gradients (low-risk ,15%, intermediate-risk 15-50%, high-risk .50%
6 months mortality) and these groups were confirmed to have significantly different survival over time ( Figure 2 , left panels).
Observed and predicted mortality rates were estimated for each risk group using bootstrap resampling, and the apparent a Variables as defined in Supplementary material online, Section S1. Hazard ratios for continuous variables are calculated for incremental changes relative to the mean values for the cohort. Data were available in !90% of patients for all variables with the following exceptions: C-reactive protein (64% availability) and electrocardiography (82% availability) at day 1; C-reactive protein (66% availability), clinical heart failure status (77% availability), and electrocardiography (87%) at day 8; clinical heart failure status (83% availability), haemodynamic status (70% availability), electrocardiography (57% availability), serum albumin (61% availability), and C-reactive protein (33% availability) at day 15. When data were missing, variables were imputed with the most frequent category for categorical variables and the median value for continuous variables. Analyses at days 8 and 15 were performed on surviving inpatients (taking into account the death of five patients by day 8 and a further 12 patients by day 15, as well as the discharge of three patients between days 8 and 15). c Time-specific analyses were performed for these variables using first available data within 24 h of the reference timepoint. Transoesophageal data were used for vegetation characteristics; in the absence of a visible vegetation, size was coded as ,10 mm and mobility as ,3 for the purpose of analysis; mobility score as defined by Sanfilippo et al.
calibration was satisfactory across all timepoints ( Figure 3 , left panels).
The impact of surgery and other potential confounders
In all, 57 patients (30%) in the derivation cohort underwent surgery at a median time of 18 days (IQR 9-37) after admission. This included 30 patients who underwent surgery during the first fortnight of admission. In this specific subgroup, the majority of patients (n ¼ 18, 60%) did not change risk groups between days 1 and 15 despite interval surgery. In the remaining patients, seven crossed to a lower risk group, while five crossed to a higher risk group by day 15. And, while early surgery corrected intracardiac abscesses, heart failure resolved acutely in only two patients as a result of surgery. Moreover, repeating the multivariable analysis with the inclusion of surgery as a time-dependent covariate resulted in a comparable final risk model (see Supplementary material online, Table S1a ). Likewise, neither the inclusion of the site of infection (left-vs. right-sided IE) nor the availability of transoesophageal data as dummy covariates during model development changed the composition of the final risk model (see Supplementary material online, Table S1b-c).
External validation of risk model
Differences in baseline characteristics between patients in the derivation and validation cohorts are summarized in Table 1 . Patients in the validation cohort were on average 15 years older, were more commonly direct admissions from the community, and had more comorbid conditions. Recent intravenous drug use and tricuspid valve infections were less frequent. The validation cohort also underwent surgery less frequently but the 6 months mortality rates were similar between the two cohorts. The derived risk model was used to stratify patients in the validation cohort into risk groups at days 1, 8, and 15. We observed that the risk groups had significantly different survival over time (Figure 2 , right panels), and there was satisfactory calibration between observed and predicted mortality rates for each risk group (Figure 3, right panels) 
Serial evaluation of patient prognosis
Considering the two cohorts as a whole, patient prognosis was highly dynamic with considerable crossover between risk groups during serial evaluation at days 1, 8, and 15 (see Supplementary material online, Figure S1 ). Compared with their initial risk assessment at day 1, 90 patients (34%) crossed over to a different risk group at day 8. Similarly, 84 patients (34%) changed risk groups between days 8 and 15.
Two clinically important subgroups were identified as a result of serial evaluation at days 1, 8, and 15. First, patients who were classified as low-risk at all three timepoints (n ¼ 84) had a relatively favourable prognosis with an overall 6 months mortality of 2.4%. In contrast, patients who were assessed as high-risk at any timepoint during the first fortnight (n ¼ 55) had an unfavourable prognosis with an overall 6 months mortality of 78.2%. The remaining patients had a variable prognosis and their overall 6 months mortality was 20.3%.
Comparison with an existing risk model
Both the time-dependent risk model developed in this study and an existing risk model 6 were applied to a subset of patients from our combined cohort who satisfied the criteria for complicated leftsided native IE (n ¼ 137). First, the existing risk model was used to stratify patients into four risk groups at days 1, 8, and 15 ( Table 5 ). This risk model provided excellent discrimination of patients in the highest risk group and the overall linear trend for mortality across the four prognostic groups was statistically significant. However, if the highest risk group was excluded, the differences in the observed mortality rates between prognostic groups 1, 2, and 3 were clinically modest and not statistically significant (P ¼ 0.75 at day 1, P ¼ 0.49 at day 8, and P ¼ 0.72 at day 15, x 2 test for linear trend).
The concordance index ranged from 0.72 to 0.74, suggesting moderate overall discrimination. Missing data were imputed for analysis (see Table 2 for details). Hazard ratios are calculated for incremental changes relative to the mean values for the cohort.
Time-dependent risk model to predict outcome in IE
In comparison, the time-dependent risk models developed in this study performed equally well at identifying high-risk patients (Table 5 ). However, it was better able to differentiate between patients at low-risk and those at intermediate-risk with the difference in observed mortality rates between these two groups being clinically meaningful (two-to-five-fold difference in mortality) and statistically significant (P ¼ 0.02 at day 1; P , 0.01 at day 8; and P , 0.01 at day 15; Fisher's exact test). The concordance index of the time-dependent risk model was also higher at all timepoints.
Discussion
Infective endocarditis is a complex disease with wide variations in its clinical course and prognosis. This study establishes for the first time that the key prognostic factors of IE change over time, and that they can be combined into a simple risk model that accurately estimates the risk of mortality at different timepoints during early hospitalization. Since the model accounts for potential changes in patient prognosis during treatment, it may improve the prognostic classification of patients with this life-threatening disease.
The observation that the prognostic value of individual parameters in IE changes over time is compatible with the natural history of IE during antibiotic treatment. For example, embolic events dramatically diminish in frequency after 1-to-2 weeks of treatment 25 and therefore their association with mortality may be expected to be time-dependent. Previous studies in IE have also demonstrated that parameters such as heart failure, 26 platelet count, 27 and C-reactive protein 10 are subject to time-dependent changes in their occurrence and prognostic value, enhancing the clinical plausibility of our observation that prognostic parameters in IE change over time.
In addition, the use of a time-dependent model to serially evaluate overall patient prognosis may be preferable to evaluation at a single time-point as we observed considerable crossover in risk group assignment during the first 2 weeks of hospitalization. Indeed, five patients in our cohort classified as low-risk at day 1 were subsequently reclassified as high-risk, and 23 patients initially classified as intermediate-risk also became high-risk later in the admission. Moreover, patients assessed as high-risk at any timepoint had a poor outlook with a 6 months mortality of 78.2%. In contrast, patients consistently classified as low-risk on serial evaluation had a 6 months mortality of only 2.4%.
The time-dependent risk model developed in this study compared favourably with an existing risk model designed to evaluate prognosis at a single timepoint. 6 Both models used 6 months mortality as the primary outcome, a separate cohort for validation, and comorbid disease and heart failure were important components of both models. The time-dependent model was at least equivalent in its identification of high-risk patients and may have an advantage in discriminating between low-risk and intermediate-risk patients.
Our results should encourage the further development and application of time-dependent risk models for IE because they may better reflect the dynamic nature of the disease and changes in prognosis that occur during treatment in hospital.
There are several potential applications of the approach developed in this study. a Continuous variables were dichotomized using accepted clinical cut-offs. Missing data were imputed for analysis (see Table 2 for details). useful in the design of future trials of interventions such as surgery by more accurately identifying high-risk patients, thereby possibly reducing the sample size of the study. Secondly, since the present risk model incorporates readily available parameters, it should be widely applicable for clinical use in community hospital settings as well as tertiary referral centres. However, caution should be exercised when applying populationderived risk models to individual patient care. In particular, variables not represented in our final risk model may be significant in other populations. For example, our study should not be interpreted as diminishing the significance of established adverse features such as diabetes 5 and perivalvular infection 1 in individual patients since these conditions were under-represented in our cohort. Similarly, although transoesophageal echocardiography was not an important confounder in this study, it was performed in only 45% of our patients and higher utilization rates may have Figure 2 Kaplan-Meier survival curves for risk groups assigned using time-dependent risk model. P-values are shown for the log-rank test comparing survival between risk groups. The number of patients at risk of mortality is shown below the x-axis.
Time-dependent risk model to predict outcome in IE increased the observed prognostic value of echocardiographic parameters. 8, 9 In addition, although a post hoc analysis demonstrated that surgery was not an influential confounder on risk modelling, the influence of surgery on outcomes remains a contentious issue. 22 This study had several limitations. First, bias inherent to the retrospective study design was reduced by our use of strict definitions for case selection and predictor variables, the confirmation of outcomes using a government registry, and the fact that the level of missing data for most variables was low. The study was also limited by the small number of events relative to the number of variables fitted 18, 20 and the potential for overestimation of the model's accuracy in the derivation cohort. Moreover, although the model was externally validated in an independent cohort and mortality was reliably predicted at all timepoints, it would be ideal to confirm the model in an independent and larger cohort, such as the International Collaboration on Endocarditis database. 28 Thirdly, simplification of our primary risk model using dichotomized variables could in theory reduce prognostic accuracy, but the simplified model actually demonstrated similar accuracy during external validation, supporting its potential utility in clinical practice. Finally, although days 8 and 15 were pre-specified as Figure 3 Comparison of observed and predicted 6 months mortality rates across risk groups. Column graphs comparing the observed (light columns) and the predicted (dark columns) 6 months mortality rates (mean with SEM) for each risk group. Number of patients assigned to each risk group and corresponding range of scores are shown below the x-axis. Mortality rates for the derivation cohort were estimated using the bootstrap method. Agreement between observed and predicted mortality rates determined using the goodness-of-fit test. clinically relevant timepoints for reassessing prognosis, this does not preclude the potential importance of other timepoints.
In conclusion, we have used a contemporary cohort to derive and validate a simple time-dependent risk model for IE. The risk model incorporates readily available clinical parameters and takes into account the dynamic nature of the disease. It accurately predicts the risk of mortality in patients before and during the early phase of hospitalization, and may improve the clinical management of patients with IE.
Supplementary material
Supplementary Material is available at European Heart Journal online. At day 1, 137 patients in the combined cohort fulfilled the inclusion criteria used by Hasbun et al. 6 At subsequent timepoints, only a proportion of these patients could be assessed because risk stratification required a complete set of variables for each patient (n ¼ 110 at day 8, n ¼ 107 at day 15). With regards to missing data (see Table 2 for details), patients with any missing data were excluded from this particular analysis. b x 2 test of linear trend comparing 6 months mortality rates across risk groups.
